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PROCESS FOR PURIFYING CRUDE FURAN
2,5-DICARBOXYLIC ACID USING
HYDROGENATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a division of application Ser. No.
14/259,754, filed 23 Apr. 2014 (now U.S. Pat. No. 9,156,
806), which is a continuation of application Ser. No. 13/758,
070, filed 4 Feb. 2013 (now U.S. Pat. No. 8,748,479), which
in turn claims the benefit of Application No. 61/663,237,
filed 22 Jun. 2012. The entire disclosures of these documents
are herein incorporated by reference.

FIELD OF THE INVENTION

This invention relates generally to the production of
purified furan 2,5-dicarboxylic acids. In particular, the
invention relates to a process for the purification of crude
furan 2,5-dicarboxylic acid utilizing solid liquid separation,
mild hydrogenation, and isolation techniques.

BACKGROUND OF THE INVENTION

Aromatic dicarboxylic acids such as terephthalic acid and
isophthalic acid are used to produce a variety of polyester
products, important examples of which are poly (ethylene
terephthalate) and its copolymers. These aromatic dicarbox-
ylic acids are synthesized by the catalyzed autoxidation of
the corresponding dialkyl aromatic compounds which are
obtained from fossil fuels (US 2006/0205977 Al). There is
a growing interest in the use of renewable resources as feed
stocks for the chemical industries mainly due to the pro-
gressive reduction of fossil reserves and their related envi-
ronmental impacts.

Furan 2,5-dicarboxylic acid (“FDCA”) is a versatile inter-
mediate considered as a promising closest biobased alter-
native to terephthalic acid and isophthalic acid. It is synthe-
sized by the catalytic oxidation of 5-(hydroxymethyl)
furfural (5-HMF) as shown in equation 1 below; or by the
catalytic oxidation of 5-HMF esters (5-R(CO)YOCH,-fur-
fural where R=alkyl, cycloalkyl and aryl) as shown in
equation 2 below; or by the catalytic oxidation of 5-HMF
ethers (5-R'OCH,-furfural, where R'=alkyl, cycloalkyl and
aryl) as shown in equation 3 below; or by the catalytic
oxidation of S5-alkyl furfurals (5-R"-furfural, where

"=alkyl, cycloalkyl and aryl) as shown in equation 4
below; in each case using a Co/Mn/Br catalyst system.
Mixed feedstocks of 5-HMF and 5-HMF esters, mixed
feedstocks of 5-HMF and 5-HMF ethers, and mixed feed-
stocks of 5-HMF and 5-alkyl furfurals can also be used.

M

Co/Mn/Br

HO H+0 —»

O
5-(hydroxymethyl)furfural
(5-HMF)

HO OH

0.
furan-2,5-dicarboxylic acid
(FDCA)
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-continued

)ko/\G)J\H + 0,
\ /

@

Co/Mu/Br
B —
5-(acetoxymethyl)furfural
(5-AMF)
e} e}
O
HO \ / OH
(FDCA)
&)
e}
PN 0 Co/Mn/Br
O \ / H+ O —
5-(ethoxymethyl)furfural
(5-EMF)
e} e}
O
HO \ / OH +
(FDCA)
e} e}
P ©
O \ / OH
5-(ethoxycarbonyl)furan-2-
carboxylic acid (EFCA)
@)
e}
0 Co/Mn/Br
\ / H+ O —
5-(methyl)furfural
(5-MF)
e} e}
O
HO \ / OH
(FDCA)
We have found that the above reactions work well.

However a number of impurities are produced, particularly
mono-carboxylic acid species such as 5-formyl furan-2-
carboxylic acid (FFCA). These mono-carboxylic acids are
not desirable since they terminate the chain growth of a
polymer resulting in lower polymer viscosity. If colored
bodies are present in the crude FDCA or remaining in the
purified FDCA, these colored bodies carry through to com-
pounds or polymers using the FDCA as a reactive monomer
to thereby color the compound or polymer. Therefore, it is
necessary to purify the crude FDCA to remove the color
bodies while minimizing the presence of FFCA in the
purified FDCA.

FDCA has been prepared by oxidation of 5-(hydroxym-
ethyl) furfural (5-HMF) under air using homogenous cata-
lysts (US2003/0055271 Al and Partenheimer, W.; Grushin,
V. V. Adv. Synth. Catal. 2001, 343, 102-111.) but only a
maximum of 44.8% yield using Co/Mn/Br catalysts system



US 9,458,122 B2

3

and a maximum of 60.9% yield was reported using Co/Mn/
Br/Zr catalysts combination. Heterogeneous catalysis oxi-
dation of 5-HMF using ZrO, mixed with platinum (II)
acetylacetonate in water has been reported in U.S. Pat. No.
7,700,788 B2, but due to very low solubility of FDCA in
water, this process needs to be conducted under very dilute
conditions to avoid precipitation of FDCA on the catalysts
surface which makes the process not economical. Another
heterogeneous catalysis oxidation of 5-HMF is reported in
U.S. Pat. No. 4,977,283 using molecular O, and a Pt/C
catalyst. High FDCA yield was achieved but at the extra
expense of feeding purified O, and continually adjusting pH
via sodium hydroxide addition. The reaction product was the
disodium salt of FDCA leading to a wasteful salt by-product
in the conversion to FDCA.

There remains a need to produce a FDCA at high yields
and isolate purified FDCA product that has low color.

SUMMARY OF THE INVENTION

In this invention we disclose a process to make purified
FDCA (pFDCA) by catalytic hydrogenation of a solvated
FDCA composition under mild conditions.

In particular there is now provided a process for purifying
a crude furan 2,5-dicarboxylic acid composition (cFDCA)
comprising:

a) providing a cFDCA composition comprising furan
2,5-dicarboxylic acid (FDCA) solids, 5-formyl furan-
2-carboxylic acid (FFCA), and a liquid oxidation sol-
vent composition;

b) separating at least a portion of the oxidation solvent
from the FDCA solids in the cFDCA composition in to
generate a concentrated cFDCA composition compris-
ing FDCA solids and enriched in the concentration of
solids relative to the concentration of solids in the
cFDCA composition fed to the solid-liquid separation
zone;

c¢) feeding the concentrated cFDCA composition to a
dissolution zone in which a hydrogenation solvent
composition is combined with the FDCA solids in the
concentrated cFDCA composition and dissolving at
least a portion of said FDCA solids to thereby produce
a solvated FDCA composition (sFDCA) comprising
dissolved furan 2,5-dicarboxylic acid (FDCA), a
hydrogenation solvent, and 5-formyl furan-2-carboxyic
acid (FFCA);

¢) subjecting the sFDCA composition to a hydrogenation
reaction in a hydrogenation reaction zone under con-
ditions sufficient to cause hydrogenation of at least a
portion of FFCA in the sFDCA composition to generate
a hydrogenated FDCA composition (hWFDCA) compris-
ing dissolved FDCA and the hydrogenation solvent;
and

e) crystallizing the hFDCA composition to generate a
crystallized hFDCA composition comprising liquid and
FDCA solids; and

f) separating at least a portion of the liquid from the
FDCA solids in the crystallized hFDCA composition to
thereby generate a concentrated hFDCA composition
enriched in the concentration of FDCA solids relative
to the concentration of FDCA solids in the crystallized
hFDCA composition.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a flow diagram of the process for making a
concentrated hFDCA composition.

FIG. 2 depicts the solubility of FDCA in water at different
temperatures.
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4
DETAILED DESCRIPTION OF THE
INVENTION

It should be understood that the following is not intended
to be an exclusive list of defined terms. Other definitions
may be provided in the foregoing description, such as, for
example, when accompanying the use of a defined term in
context.

As used herein, the terms
or more.

As used herein, the term “and/or,” when used in a list of
two or more items, means that any one of the listed items can
be employed by itself or any combination of two or more of
the listed items can be employed. For example, if a com-
position is described as containing components A, B, and/or
C, the composition can contain A alone; B alone; C alone;
A and B in combination; A and C in combination, B and C
in combination; or A, B, and C in combination.

As used herein, the terms “comprising,” “comprises,” and
“comprise” are open-ended transition terms used to transi-
tion from a subject recited before the term to one or more
elements recited after the term, where the element or ele-
ments listed after the transition term are not necessarily the
only elements that make up the subject.

As used herein, the terms “having,” “has,” “contain,”
“including,” “includes,” “include,” and “have” have the
same open-ended meaning as “comprising,” “comprises,”
and “comprise” provided above.

The present description uses numerical ranges to quantify
certain parameters relating to the invention. It should be
understood that when numerical ranges are provided, such
ranges are to be construed as providing literal support for
claim limitations that only recite the lower value of the range
as well as claim limitations that only recite the upper value
of'the range. For example, a disclosed numerical range of 10
to 100 provides literal support for a claim reciting “greater
than 10” (with no upper bounds) and a claim reciting “less
than 100” (with no lower bounds) and provided literal
support for and includes the end points of 10 and 100.

The present description uses specific numerical values to
quantify certain parameters relating to the invention, where
the specific numerical values are not expressly part of a
numerical range. It should be understood that each specific
numerical value provided herein is to be construed as
providing literal support for a broad, intermediate, and
narrow range. The broad range associated with each specific
numerical value is the numerical value plus and minus 60
percent of the numerical value, rounded to two significant
digits. The intermediate range associated with each specific
numerical value is the numerical value plus and minus 30
percent of the numerical value, rounded to two significant
digits. The narrow range associated with each specific
numerical value is the numerical value plus and minus 15
percent of the numerical value, rounded to two significant
digits. For example, if the specification describes a specific
temperature of 62° F.; such a description provides literal
support for a broad numerical range of 25° F. to 99° F. (62°
F.4+/-37° F.), an intermediate numerical range of 43° F. to
81° F. (62° F.+/-19° F.), and a narrow numerical range of
53° F.to 71° F. (62° F.4/-9° F.). These broad, intermediate,
and narrow numerical ranges should be applied not only to
the specific values, but should also be applied to differences
between these specific values. Thus, if the specification
describes a first pressure of 110 psia and a second pressure

[TPNELIT]

a,” “an,” and “the” mean one
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of 48 psia (a difference of 62 psi), the broad, intermediate,
and narrow ranges for the pressure difference between these
two streams would be 25 to 99 psi, 43 to 81 psi, and 53 to
71 psi, respectively

All amounts and ppm values are by weight unless other-
wise specified. All amounts by weight are based on the
weight of the whole composition stream containing the
ingredient in question rather than a part of that composition
or a different stream altogether, unless otherwise noted.

There is provided a crude FDCA (¢cFDCA) composition
comprising furan 2,5-dicarboxylic acid (FDCA) solids,
S-formyl furan-2-carboxyic acid (FFCA), and a oxidation
solvent composition. This composition may be provided in
a variety of ways. One technique is described as follows.

As shown in FIG. 1, an oxidizable composition is fed in
stream 10 to an oxidation zone 100, where the oxidizable
composition contains a compound having a furan moiety.
The furan moiety can be represented by the structure:

O,

\ /

The compounds having a furan moiety are such that, upon
oxidation, form carboxylic acid functional groups on the
compound. Examples of compounds having furan moieties
include 5-(hydroxymethyl)furfural (5-HMF), and deriva-
tives of 5-HMF. Such derivatives include esters of 5-HMF,
such as those represented by the formula 5-R(CO)OCH,-
furfural where R=alkyl, cycloalkyl and aryl groups having
from 1 to 8 carbon atoms, or 1-4 carbon atoms or 1-2 carbon
atoms; ethers of 5-HMF represented by the formula
5-R'OCH,-furfural, where R'=alkyl, cycloalkyl and aryl
having from 1 to 8 carbon atoms, or 1-4 carbon atoms or 1-2
carbon atoms); 5-alkyl furfurals represented by the formula
5-R"-furfural, where R"=alkyl, cycloalkyl and aryl having
from 1 to 8 carbon atoms, or 1-4 carbon atoms or 1-2 carbon
atoms). Thus the oxidizable composition can contain mix-
tures of 5-HMF and 5-HMF esters; 5-HMF and 5-HMF
ethers; 5-HMF and 5-alkyl furfurals, or mixtures of 5-HMF
and its esters, ethers, and alkyl derivatives.

The oxidizable composition, in addition to 5-(hydroxym-
ethyDfurfural (5-HMF) or an of its derivatives, may also
contain 5-(acetoxymethyl)furfural (5-AMF) and
5-(ethoxymethyl)furfural (5-EMF).

Specific examples of 5-HMF derivatives include those
having the following structures:

Preferred 5-HMF Derivative Feeds

O,
\O
\ /
5-methoxymethylfurfural
e}

H)I\O ? [
O

5-formoxymethylfurfural
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-continued
(@]

O
\ / °
5-methylfurfural

N ©
Co\
5-ethoxymethylfurfural
Q O
)J\ o
CoW
5-acetoxymethylfurfural
O

O
\ / "
5-propoxymethylfurfural
Q O
\)k o
o w .

S-propionoxymethylfurfural

N~

NN () "

5-butoxymethylfurfural

Q (¢}
/\)k ©
co\
5-butyroxymethylfurfural

An oxidizable composition is fed to a primary oxidation
zone and reacted in the presence of a oxidation solvent
composition, a catalyst system, and a gas comprising oxy-
gen, to generate a crude dicarboxylic acid stream comprising
furan-2,5-dicarboxylic acid (FDCA).

For example, the oxidizable composition containing
5-HMF, or its derivatives, or combinations thereof, are
oxidized with O, in a multi-step reaction to form FDCA with
S5-formyl furan-2-carboxylic acid (FFCA) as a key interme-
diate, represented by the following sequence:

SHME
HO ° g % T
\ /
FFCA
0 + O
OH
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-continued
FFCA
O (@]
o + %O e
H \ / OH 2
FDCA
O

HO OH

\_/

If desired, the oxygen gas stream 20 comprising oxygen,
an oxidation solvent composition stream 30, and the oxi-
dizable stream 10 can be fed to a primary oxidation zone 100
as separate streams. Or, an oxygen stream comprising oxy-
gen as one stream and an oxidizable stream comprising
oxidation solvent composition, catalyst, and oxidizable
compounds as a second stream can be fed to the primary
oxidation zone. Accordingly, the oxidation solvent compo-
sition, oxygen gas comprising oxygen, catalyst system, and
oxidizable compounds can be fed to the primary oxidization
zone as separate and individual streams or combined in any
combination prior to entering the primary oxidization zone
wherein these feed streams may enter at a single location or
in multiple locations into the primary oxidizer zone.

The catalyst can be a homogenous catalyst soluble in the
oxidation solvent composition or a heterogeneous catalyst.
The catalyst composition is desirably soluble in the oxida-
tion solvent composition under reaction conditions, or it is
soluble in the reactants fed to the oxidation zone. Preferably,
the catalyst composition is soluble in the oxidation solvent
composition at 40° C. and 1 atm, and is soluble in the
oxidation solvent composition under the reaction conditions.

Suitable catalysts components comprise at least one
selected from, but are not limited to, cobalt, bromine and
manganese compounds. Preferably a homogeneous catalyst
system is selected. The preferred catalyst system comprises
cobalt, manganese and bromine.

The cobalt atoms may be provided in ionic form as
inorganic cobalt salts, such as cobalt bromide, cobalt nitrate,
or cobalt chloride, or organic cobalt compounds such as
cobalt salts of aliphatic or aromatic acids having 2-22 carbon
atoms, including cobalt acetate, cobalt octanoate, cobalt
benzoate, cobalt acetylacetonate, and cobalt naphthalate.
The oxidation state of cobalt when added as a compound to
the reaction mixture is not limited, and includes both the +2
and +3 oxidation states.

The manganese atoms may be provided as one or more
inorganic manganese salts, such as manganese borates,
manganese halides, manganese nitrates, or organometallic
manganese compounds such as the manganese salts of lower
aliphatic carboxylic acids, including manganese acetate, and
manganese salts of beta-diketonates, including manganese
acetylacetonate.

The bromine component may be added as elemental
bromine, in combined form, or as an anion. Suitable sources
of bromine include hydrobromic acid, sodium bromide,
ammonium bromide, potassium bromide, and tetrabro-
moethane. Hydrobromic acid, or sodium bromide may be
preferred bromine sources.

The amount of bromine atoms desirably ranges from at
least 300 ppm, or at least 2000 ppm, or at least 2500 ppm,
or at least 3000 ppm, or at least 3500 ppm, or at least 3750,
ppm and up to 4500 ppm, or up to 4000 ppm, based on the
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8

weight of the liquid in the reaction medium of the primary
oxidation zone. Bromine present in the amount of 2500 ppm
to 4000 ppm, or 3000 ppm to 4000 ppm are especially
desirable to promote high yield.

The amount of cobalt atoms can range from at least 500
ppm, or at least 1500 ppm, or at least 2000 ppm, or at least
2500 ppm, or at least 3000 ppm, and up to 6000 ppm, or up
to 5500 ppm, or up to 5000 ppm, based on the weight of the
liquid in the reaction medium of the primary oxidation zone.
Cobalt present in an amount of 2000 to 6000 ppm, or 2000
to 5000 ppm is especially desirable to promote high yield.

The amount of manganese atoms can range from 2 ppm,
or at least 10 ppm, or at least 30 ppm, or at least 50 ppm, or
at least 70 ppm, or at least 100 ppm, and in each case up to
600 ppm, or up to 500 ppm or up to 400 ppm, or up to 350
ppm, or up to 300 ppm, or up to 250 ppm, based on the
weight of the liquid in the reaction medium of the primary
oxidation zone. Manganese present in an amount ranging
from 30 ppm to 400 ppm, or 70 ppm to 350 ppm, or 100 ppm
to 350 ppm are especially desirable to promote high yield.

The weight ratio of cobalt atoms to manganese atoms in
the reaction mixture can be from 1:1 to 400:1, or 10:1 to
about 400:1. A catalyst system with improved Co:Mn ratio
can lead to high yield of FDCA. To increase the yield of
FDCA, when the oxidizable composition fed to the oxida-
tion reactor comprises 5-HMEF, then the cobalt to manganese
weight ratio is at least 10:1, or at least 15:1, or at least 20:1,
or at least 25:1, or at least 30:1, or at least 40:1 or at least
50:1, or at least 60:1, and in each case up to 400:1. However,
in the case where the oxidizable composition comprises
esters of 5-HMF, ethers of 5-HMF, or 5-alkyl furfurals, or
mixtures of any of these compounds together or with
5-HMF, the cobalt to manganese weight ratio can be lowered
while still obtaining high yield of FDCA, such as a weight
ratio of Co:Mn of at least 1:1, or at least 2:1, or at least 5:1,
or at least 9:1, or at least 10:1, or at least 15:1, or at least
20:1, or at least 25:1, or at least 30:1, or at least 40:1, or at
least 50:1, or at least 60:1 and in each case up to 400:1.

The weight ratio of cobalt atoms to bromine atoms is
desirably at least 0.7:1, or at least 0.8:1, or at least 0.9:1, or
at least 1:1, or at least 1.05:1, or at least 1.2:1, or at least
1.5:1, or at least 1.8:1, or at least 2:1, or at least 2.2:1, or at
least 2.4:1, or at least 2.6:1, or at least 2.8:1, and in each case
up to 3.5, or up to 3.0, or up to 2.8.

The weight ratio of bromine atoms to manganese atoms is
from about 2:1 to 500:1.

Desirably, the weight ratio of cobalt to manganese is from
10:1 to 400:1, and the weight ratio of cobalt to bromine
atoms ranges from 0.7:1 to 3.5:1. Such a catalyst system
with improved Co:Mn and Co:Br ratio can lead to high yield
of FDCA (minimum of 90%), decrease in the formation of
impurities (measured by b*) causing color in the down-
stream polymerization process while keeping the amount of
CO and CO, (carbon burn) in the off-gas at a minimum.

Desirably, the amount of bromine present is at least 1000
ppm and up to 3500 ppm, and the weight ratio of bromine
to manganese is from 2:1 to 500:1. This combination has the
advantage of high yield and low carbon burn.

Desirably, the amount of bromine present is at least 1000
ppm and up to 3000 ppm, and the amount of cobalt present
is at least 1000 ppm and up to 3000 ppm, and the weight
ratio of cobalt to manganese is from 10:1 to 100:1. This
combination has the advantage of high yield and low carbon
burn.

Suitable oxidation solvent compositions include aliphatic
oxidation solvent compositions. In an embodiment of the
invention, the oxidation solvent compositions are aliphatic
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carboxylic acids which include, but are not limited to, C, to
C, monocarboxylic acids, e.g., acetic acid, propionic acid,
n-butyric acid, isobutyric acid, n-valeric acid, trimethyl-
acetic acid, caprioic acid, and mixtures thereof.

The most common oxidation solvent composition used
for the oxidation is an—aqueous acetic acid solution, typi-
cally having an acetic acid concentration of 80 to 99 wt. %
before adding it to the oxidation zone. In especially pre-
ferred embodiments, the oxidation solvent composition as
added comprises a mixture of water and acetic acid which
has a water content of 0% to about 15% by weight. Addi-
tionally, a portion of the oxidation solvent composition feed
to the primary oxidation reactor may be obtained from a
recycle stream obtained by displacing about 80 to 90% of the
mother liquor taken from the crude reaction mixture stream
discharged from the primary oxidation reactor with fresh,
wet acetic acid containing about 0 to 15% water.

The oxidizing gas stream comprises oxygen. Examples
include, but are not limited to, air and purified oxygen. The
amount of oxygen in the primary oxidation zone ranges from
about 5 mole % to 45 mole %, 5 mole % to 60 mole %, 5
mole % to 80 mole %.

The temperature of the reaction mixture in the primary
oxidation zone can vary from about 100° C. to about 220°
C. The temperature of the reaction mixture in the primary
oxidation zone is at least 100° C., or at least 105° C., or at
least 110° C., or at least 115° C., or at least 120° C., or at
least 125° C., or at least 130° C., or at least 135° C., or at
least 140° C., or at least 145° C., or at least 150° C., or at
least 155° C., or at least 160° C., and can be as high as 220°
C., or up to 210° C., or up to 200° C., or up to 195° C., or
up to 190° C., or up to 180° C., or up to 175° C., or up to
170° C., orup to 165° C., or up to 160° C., orup to 155° C.,
or up to 150° C,, or up to 145° C., or up to 140° C., or up
to 135° C., or up to 130° C. In other embodiments, the
temperate ranges from 105° C. to 180° C., or from 105° C.
to 175° C., or from 105° C. to 170° C., or from 105° C. to
165° C., or from 105° C. to 160° C., or from 105° C. to 155°
C., or from 105° C. to 150° C., or from 110° C. to 180° C.,
or from 110° C. to 175° C., or from 110° C. to 170° C., or
from 110° C. to 165° C., or from 110° C. to 160° C., or from
110° C. to 155° C., or from 110° C. to 150° C., or from 110°
C. to 145° C., or from 115° C. to 180° C., or from 115° C.
to 175° C., or from 115° C. to 170° C., or from 115° C. to
165° C., or from 115° C. to 160° C., or from 115° C. to 155°
C., or from 110° C. to 150° C., or from 115° C. to 145° C.,
or from 120° C. to 180° C., or from 120° C. to 175° C., or
from 120° C. to 170° C., or from 120° C.to 165° C., or from
120° C. to 160° C., or from 120° C. to 155° C., or from 120°
C. to 150° C., or from 120° C. to 145° C., or from 125° C.
to 180° C., or from 125° C. to 175° C., or from 125° C. to
170° C., or from 125° C. to 165° C., or from 125° C. to 160°
C., or from 125° C. to 155° C., or from 125° C. to 150° C.,
or from 125° C. to 145° C., or from 130° C. to 180° C., or
from 130° C. to 175° C., or from 130° C. to 170° C., or from
130° C. to 165° C., or from 130° C. to 160° C., or from 130°
C. to 155° C., or from 130° C. to 150° C., or from 130° C.
to 145° C., or from 135° C. to 180° C., or from 135° C. to
175° C., or from 135° C. to 170° C., or from 135° C. to 165°
C., or from 135° C. to 160° C., or from 135° C. to 155° C.,
or from 135° C. to 150° C., or from 135° C. to 145° C., or
from 140° C. to 180° C., or from 140° C.to 175° C., or from
140° C. to 170° C., or from 140° C. to 170° C., or from 140°
C. to 165° C., or from 140° C. to 160° C., or from 140° C.
to 155° C., or from 140° C. to 150° C., or from 140° C. to
145° C., or from 145° C. to 180° C., or from 145° C. to 175°
C., or from 145° C. to 170° C., or from 145° C. to 170° C.,
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or from 145° C. to 165° C., or from 145° C. to 160° C., or
from 145° C. to 155° C., or from 145° C. to 150° C., or from
150° C. to 180° C., or from 150° C. to 175° C., or from 150°
C. to 170° C., or from 150° C. to 165° C., or from 150° C.
to 160° C., or from 150° C. to 155° C., or from 155° C. to
180° C., or from 155° C. to 175° C., or from 155° C. to 170°
C., or from 155° C. to 165° C., or from 155° C. to 160° C.,
or from 160° C. to 180° C., or from 160° C. to 175° C., or
from 160° C. to 170° C., or from 160° C. to 165° C., or from
165° C. to 180° C., or from 165° C. to 175° C., or from 165°
C. to 170° C., or from 165° C. to 180° C., or from 165° C.
to 175° C., or from 165° C. to 170° C., or from 170° C. to
180° C., or from 170° C. to 175° C., or from 175° C. to 180°
C.

To minimize carbon burn, it is desired that the tempera-
ture of the reaction mixture is not greater than 165° C., or not
greater than 160° C. The contents of the oxidizer off gas
comprise COx, wherein x is 1 or 2, and the amount of COx
in the oxidizer off gas is less than 0.05 moles of COx per
mole of the total oxidizable feed to the reaction medium, or
no more than 4 moles of COx per mole of the total
oxidizable feed to the reaction medium, or no more than 6
moles of COx per mole of the total oxidizable feed to the
reaction medium. The carbon burn as determined by the
COx generation rate can be calculated as follows: (moles of
CO+moles of CO2)/moles of oxidizable feed. The low
carbon burn generation rate is achievable by the combina-
tion of low reaction temperature, and the molar weight ratios
of the catalyst components as described above.

The oxidation reaction can be conducted under a pressure
ranging from 40 psia to 300 psia. A bubble column is
desirably operated under a pressure ranging from 40 psia to
150 psia. In a stirred tank vessel, the pressure is desirably set
to 100 psia to 300 psia.

Oxidizer off gas stream containing COx (CO and CO,),
water, nitrogen, and vaporized oxidation solvent composi-
tion, is routed to the oxidizer off gas treatment zone to
generate an inert gas stream, liquid stream comprising water,
and a recovered oxidation solvent composition stream com-
prising condensed oxidation solvent composition. In one
embodiment, the oxidizer off gas stream can be fed to
directly, or indirectly after separating condensables such as
oxidation solvent composition from non-condensables such
as COx and nitrogen in a separation column (e.g. distillation
column with 10-200 trays), to an energy recovery device
such as a turbo-expander to drive an electric generator.
Alternatively or in addition, the oxidizer off gas stream can
be fed to a steam generator before or after the separation
column to generate steam, and if desired, may then be fed to
a turbo-expander and pre-heated prior to entry in the
expander if necessary to ensure that the off gas does not
condense in the turbo-expander.

The oxidation can be conducted in a continuous stirred
tank reactor or in a bubble column reactor.

The FDCA formed by the oxidation reaction desirably
precipitates out of the reaction mixture. The reaction mixture
comprises the oxidizable composition, oxidation solvent
composition, and catalyst if a homogeneous catalyst is used,
otherwise it comprises the oxidizable composition and oxi-
dation solvent composition.

The product of the oxidation reaction is a crude dicar-
boxylic acid stream (“cFDCA”) comprising solids, said
solids comprising FDCA; an oxidation solvent composition;
and the intermediate product 5-formyl furan-2-carboxylic
acid (“FFCA”), and oxidation solvent. The above descrip-
tion is illustrative of one of the means by which one may
provide for a cFDCA composition comprising furan 2,5-
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dicarboxylic acid (FDCA) solids, 5-formyl furan-2-carbox-
ylic acid (FFCA), and a liquid oxidation solvent composi-
tion. The cFDCA may also contain some amount of FDCA
dissolved in the oxidation solvent composition and if used,
some of the homogeneous catalyst system. The cFDCA is
colored as a result of the production of color by-products.
The presence color bodies can be detected by measuring the
b* of the cFDCA composition. The cFDCA composition
may also contain mono-carboxylic acid FFCA which is not
desirable because it acts to terminate chain growth in a
polymerization reaction using an FDCA composition as a
reactant.

The cFDCA composition desirably comprises:

a) solids in an amount of at least 5 wt. %, or at least 10
wt %, or at least 15 wt. %, or at least 20 wt. %, or at
least 25 wt. %, or at least 28 wt. %, or at least 30 wt.
%, or at least 32 wt. %, or at least 35 wt. %, or at least
37 wt. %, or at least 40 wt. %, based on the weight of
the cFDCA composition. While there is no upper limit,
as a practice the amount will not exceed 60 wt. %, or
no greater than 55 wt. %, or no greater than 50 wt. %,
or no greater than 45 wt. %, or not greater than 43 wt.
%, or not greater than 40 wt %, or not greater than 39
wt %, based on the weight of the cFDCA composition;

b) of the solids in the crude dicarboxylic acid stream, it is
desirable that at least 70 wt. %, or at least 80 wt. %, or
at least 85 wt. %, or at least 90 wt. %, or at least 95 wt.
%, or at least 96 wt. %, or at least 97 wt. %, or at least
98 wt. %, or at least 99 wt. % of the solids in each case
is FDCA based on the weight of the solids;

c) at least 0.1 wt. % FFCA, or at least 0.2 wt. % FFCA,
or at least 0.3 wt. % FFCA, or at least 0.35 wt. %
FFCA, or at least 0.4 wt. % FFCA, and can contain
large amounts of FFCA, such as up to 5 wt. %, or up
to 4 wt. %, or up to 3 wt %, or up to 2 wt. %, based on
the weight of the cFDCA composition.

Optionally, in addition to FFCA, other by-products can
also be present in the cFDCA composition such as color
bodies. Color bodies can be formed from impurities present
in the oxidizable composition, e.g. S-HMF composition fed
into the oxidation zone, or degradation products produced in
the course of the oxidation of the 5-HMF composition. Other
by-products present in the cFDCA composition can include,
for example, compounds such as 2,5-diformylfuran, levu-
linic acid, succinic acid, acetoxyacetic acid, 5-(ethoxycar-
bonyl)furan-2-carboxylic acid (“EFCA”), and their oxida-
tion derivatives. 2.5 diformylfuran can be present, if at all,
in an amount of 0 wt % to about 0.2 wt %; levulinic acid in
an amount ranging from 0 wt % to 1 wt. % or up to 0.5 wt
%; succinic acid in an amount ranging from 0 wt % to 1 wt.
%, or up to 0.5 wt %; EFCA in an amount of greater than O,
or at least 0.05 wt %, or at least 0.1 wt %, or at least 0.5 wt
% and in each case up to about 4 wt %, or up to about 3.5
wt %, or up to 3 wt. %, or up to 2.5 wt %, or up to 2 wt. %;
acetoxyacetic acid in an amount ranging from 0 wt % to 0.5
wt %, and a cumulative amount of the by-products (includ-
ing FFCA) can be present in an amount ranging from greater
than 0 wt. %, or at least 0.1 wt. %, or at least 0.5 wt. %, or
at least 1 wt. %, or at least 2 wt. %, and up to 30 wt. %, or
up to 20 wt. %, or up to 15 wt. %, or up to 10 wt. %, or up
to 5 wt. %, or up to 3 wt. %, or up to 2 wt. %, or up to 1 wt.
%, in each case based on the weight of cFDCA composition.

Because some of the by-products present in the cFDCA,
the cFDCA composition may be color bodies and/or the
cFDCA composition may contain FFCA which is a chain
terminating compound, it is desirable to subject the cFDCA
composition to a process for the production of a low color
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purified FDCA composition. The cFDCA composition may
have a high b*. While the b* value is not limited, the cFDCA
composition will typically have a b* of more than 3, or more
than 4, or more than 5, or more than 6, or more than 7, or
at least 10, or at least 15, or at least 20, or at least 25, or at
least 30, or at least 35, or at least 35. While there is not upper
limit, generally the b* will not exceed 90, or not exceed 80.
However, it is desirable to lower the b* of cFDCA compo-
sitions that have lower b* value, such as up to 70, or up to
60, or up to 50, or up to 30, or up to 20, or up to 15, or up
to 10, or up to 8, or up to 6. Even with a b* of at least 1 and
up to 5, or up to 4, it is desirable to purify the cFDCA
composition to lower the b* color and/or reduce the amount
of FFCA. Although the b* may not be an important con-
sideration for a particular application, some applications
require chain propagation and therefore it is desirable to
purity the cFDCA composition to reduce the amount of
FFCA present.

While the amount of FFCA present in the cFDCA com-
position is not limited, the process of the invention is
effective to reduce the amount of FFCA present in the
cFDCA composition, relative to the amount of FFCA in the
purified FDCA composition, in each case by weight, by a
factor of at least 2x, or at least 10x, or at least 100x, or at
least 200x, or at least 300x, or at least 350x, or at least 400x,
or at least 500x, or at least 750x, or at least 900x, or at least
1000x, or at least 1500x, calculated as:

xreduction=ppmw FFCA in ¢cFDCA divided by
ppmw FFCA in purified FDCA composition
(where FFCA detected in the purified FDCA
composition at a value below 1 ppmw, or unde-
tectable by virtue of its absence or below the
detection limit of an analytical instrument, is,
for purposes of this calculation, taken as a
value of 1 ppm).

The yield of FDCA in the cFDCA composition, on a
solids basis, is at least 60%, or at least 65%, or at least 70%,
or at least 72%, or at least 74%, or at least 76%, or at least
78%, or at least 80%, or at least 81%, or at least 82%, or at
least 83%, or at least 84%, or at least 85%, or at least 86%,
or at least 87%, or at least 88%, or at least 89%, or at least
90%, or at least 91%, or at least 92%, or at least 94%, or at
least 95%, and up to 99%, or up to 98%, or up to 97%, or
up to 96%, or up to 95%, or up to 94%, or up to 93%, or up
to 92%, or up to 91%, or up to 90%, or up to 89%. For
example, the yield can range from 70% up to 99%, or 74%
up to 98%, or 78% up to 98%, or 80% up to 98%, or 84%
up to 98%, or 86% up to 98%, or 88% up to 98%, or 90%
up to 98%, or 91% up to 98%, or 92% up to 98%, or 94%
up to 98%, or 95% up to 99%.

Yield is defined as mass of FDCA obtained divided by the
theoretical amount of FDCA that should be produced based
on the amount of raw material use. For example, if one mole
or 126.11 grams of 5-HMF are oxidized, it would theoreti-
cally generate one mole or 156.09 grams of FDCA. If for
example, the actual amount of FDCA formed is only 150
grams, the yield for this reaction is calculated to be =(150/
156.09) times 100, which equals a yield of 96%. The same
calculation applies for oxidation reaction conducted using
5-HMF derivatives or mixed feeds.

In a second step, at least a portion of the oxidation solvent
is separated from the FDCA solids in the cFDCA composi-
tion to generate a concentrated cFDCA composition com-
prising FDCA solids and enriched in the concentration of
solids relative to the concentration of solids in the cFDCA
composition fed to the solid-liquid separation zone. This can
be accomplished by any means known in the art for sepa-
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rating solids from liquids. One means for separation is a
solid liquid separation zone 300. In the solid-liquid separa-
tion zone 300, at least a portion of the oxidation solvent
composition is separated from FDCA solids, the FDCA
solids are optionally washed, and then discharged as a
concentrated FDCA composition 310.

The feed to the solid-liquid separation zone 300 contains
FDCA solids and oxidation solvent. Of the liquid phase, the
oxidation solvent desirably comprises at least 70 wt. %, or
at least 80 wt. %, or at least 90 wt. %, or at least 95 wt. %,
or at least 99 wt. %, or even up to 99.5 wt. % of the liquid
based on the weight of the liquid phase of the feed to the
solid liquid separator, excluding the amount due to the
presence of water.

The feed to the solid-liquid separation zone 300 contains
FDCA solids and oxidation solvent. The cFDCA composi-
tion desirably contains at least 40%, or at least 50 wt. %, or
at least 70 wt. %, or at least 80 wt. %, or at least 90 wt. %,
and up to about 95 wt. % liquid based on the weight of the
cFDCA composition.

The feed to the first solid liquid separation zone can be the
cFDCA composition stream 110 discharged from the oxi-
dation zone 100. Alternatively, an optional crude crystalli-
zation zone 200 may be used to receive a feed of the cFDCA
to obtain a crystallized cFDCA composition which is dis-
charged from the crude crystallization zone 200 as a feed
stream 210. If desired, the solid liquid separation zone 300
can receive from zero to 100% by weight of stream 210
which is a crystallized cFDCA composition, or from 0 to
100% by weight stream 110 which is the cFDCA composi-
tion, or a combination of cFDCA stream 110 and crystallized
cFDCA composition stream 210 in any weight ratio ranging
from 100:0 to 0:100 respectively.

In the solid-liquid separation zone, FDCA solids are
separated from at least a portion of the oxidation solvent
composition. The first solid liquid separation zone may
contain a zone in which at least a portion of the oxidation
solvent is separated from FDCA solids to generate a cake
comprising FDCA solids is generated (cake forming zone),
a mother liquor comprising oxidation solvent is generated,
and the cake is washed with at least one wash composition.
The first solid-liquid separation zone may also contain a
drying zone. Each one of these zones may be contained in
a single solid-liquid separation device. One or multiple
solid-liquid separation devices may be employed. The solid-
liquid separation zone desirably contains at least one solid-
liquid separation device capable of separating solids and
liquids, and washing the solids with a wash composition
stream 320. The solid-liquid separation can be accomplished
by means of filtration. The filtration can be positive dis-
placement or vacuum filtration. Washing can also be a
positive displacement washing, reflux, or counter-current
washing techniques. The drying, if employed, can be accom-
plished by blowing a gas on the filtrate cake.

Equipment suitable for the solid liquid separation zone
can typically be comprised of, but not limited to, the
following types of devices: centrifuges of all types including
but not limited to decanter and disc stack centrifuges, cross
flow filters, solid bowl centrifuges, cyclone, rotary drum
filter, belt filter desirably a horizontal belt filter with or
without but desirably with at least one washing zone and can
optionally contain countercurrent washing, pressure leaf
filter, candle filter, a rotary vacuum drum filter with or
without but desirably with at least one washing zone and can
optionally contain countercurrent washing, or a rotary pres-
sure drum filter with or without but desirably with washing
and can optionally contain countercurrent washing. The
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solid-liquid separator may be operated in continuous or
batch mode, although it will be appreciated that for com-
mercial processes, the continuous mode is preferred. A
suitable pressure filter which can be employed as the solid/
liquid separator is a BHS-FEST™, available from BHS-
WERK, Sonthofen, D-8972, Sonthofen, West Germany.

The temperature of the wash solvent can range from 20°
C. to 180° C., or 40° C. and 150° C., or 50° C. to 140° C.,
or 70° C. to 140° C., or 80° C. to 140° C., or in each case
up to 130° C. The particular wash temperature desirably
does not exceed a temperature at which a substantial amount
of the filtrate cake dissolves away into the wash solvent
liquor. The amount of wash solvent used is defined as the
wash ratio and equals the mass of wash divided by the mass
of solids on a batch or continuous basis. The wash ratio can
range from about 0.3 to about 5, about 0.4 to about 4, and
preferably from about 0.5 to 3.

Within the solid liquid separation zone, and after separa-
tion of the liquid from the solids or simultaneous with the
separation, one or more washes may be implemented in the
solid-liquid separation zone. One or more of the washes,
desirably at least the final wash, may contain at least 80 wt.
%, or at least 90 wt. %, or at least 95 wt. %, or 100 wt. %
water. For example, the solid liquid separation zone may
contain at least two wash zones, a first wash zone in which
a wash composition containing an organic solvent having at
least two carbon atoms (e.g. acetic acid or the same com-
pound as the oxidation solvent contained in the cFDCA
composition) is contacted with the FDCA solids to wash
away impurities from the surface of the FDCA solids, and a
second wash zone in which a wash composition containing
at least 80 wt. % water contacts the FDCA solids to wash
away at least a portion of the organic solvent. If desired, two
or more wash zones may be employed. Further, each of the
wash zones may become progressively and sequentially
richer in concentration of water. The advantage of employ-
ing a final wash containing at least 80 wt. % water is that
water can be the same solvent as used in the dissolution zone
400. The discharge can be a water wet cake stream 310.
Another advantage is that one can avoid drying of the FDCA
solids containing water prior to feeding the water wet cake
to the dissolution zone, thereby saving energy and capital
costs.

However, if one desires to produce stream 310 in a dried
powder form, then at least the final wash solvent composi-
tion desirably contains solvents that have lower heats of
vaporization than water to save on energy costs to vaporize
the solvent in the dryer.

The principle of operating a solid liquid separation zone
is illustrated with reference to a rotary drum filter. In a rotary
pressure drum filter, a stream of cFDCA composition 110, or
crystallized cFDCA composition stream 210, is continu-
ously fed to the inlet of a housing containing a drum within
the annulus between the drum outer surface and the housing.
The annulus is sealed and under pressure. The feed is
introduced into the inlet of the housing at one end, into the
annulus, and contacts the rotating drum surface that is
divided into filter cells that receive the FDCA feed compo-
sition and allow the liquid to pass through the filter media
while forming a cake on the drum surface. The filtrate cake
of FDCA solids formed on each filter cell can be indepen-
dently processed in discrete zones. Each of the zones can be
operated under different pressures. In a rotary vacuum drum
filter, the feed of FDCA is introduced into a bath within an
annulus between a housing and the drum, and in this case,
a vacuum is pulled through the filter cloth to draw liquid
from the bath through the filter media, thereby forming a
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cake on the drum surface as the drum rotates radially
through the bath of feed material.

Once the cake is formed on the drum in the cake forming
zone, it can continue to be processed in discrete zones
throughout its rotation, and with the pressure filter, each
under independently controlled pressure which can be the
same or variable. Upon exiting the zone for cake formation,
the drum continues its rotation into a wash zone where the
cake is subjected to a flooded positive displacement wash for
pressure filtration or a spray in vacuum drum filtration, or
other suitable contact means, of a wash solvent. One wash
zone may introduce acetic acid, and a second wash zone may
introduce water onto the surface of the cake. In the pressure
filter, the wash zone can consist of one or more chambers
that are flooded with wash solvent pulled through the cake
under a vacuum. If desired, the multiple wash cells in
pressure filtration can form a counter-current wash of the
cake.

Upon exiting the wash zone, the filtrate cake on the outer
drum surface can optionally be dewatered (not implying that
the solvent is water) by blowing a flow of a gas, such as air
or nitrogen, across and/or through the cake. The blown gas
can be at ambient temperature or elevated temperature. The
degree of dewatering the cake is influenced by the gas flow,
gas temperature, cake depth, vapor pressure of the solvent in
the cake, cake depth and residence time.

As the drum continues its rotation, the wet cake is then
discharged from the drum surface by any suitable means,
optionally with the assistance of a blown gas through jets.
The cake can be discharged by feeding the cake on the outer
drum surface onto the edge of a blade to scrape and flake the
cake from drum surface. Discharge of the cake can be
assisted by spraying a jet of water onto or through the back
or front side of the filter media to dislodge the filtrate from
the drum surface. This assisted cake discharge has the
advantage of more readily dislodging the cake from drum
surface while using the jetted water as the liquid medium
into which the FDCA solids will eventually be dissolved in
the dissolution zone 400.

After discharging the cake from the outer drum surface,
the filter media is desirably washed clean or conditioned
before the drum rotates into the cake formation zone. The
filter media can be washed with a rinse of water, gas, or the
same solvent as in the cFDCA composition using jets or
sprays. The assisted discharge of the cake from the outer
drum surface can serve the dual function of assisting dis-
charge while washing the filter media.

This illustration is given as two examples of a solid-liquid
separation device. Any other suitable solid-liquid separation
devices can be used, and each zone can be split into different
devices if desired.

With a solid-liquid separation device that has a wash zone,
a mother liquor stream and a wash liquor stream are gen-
erated and discharged from the solid-liquid separation
device and the wash zones. Mother liquor stream 330 is
generated upon separation of at least a portion of the
oxidation solvent from the FDCA solids. In a rotary drum
filter device, this mother liquor is generated in the cake
formation zone. A wash liquor stream 340 is generated by
contacting the wash composition in the wash zone with the
FDCA solids (e.g. cake on the outer drum surface or on a belt
surface) desirably after generation of the mother liquor
stream 330. A portion of the mother liquor stream 330 and
optionally a portion of at least the first wash liquor stream
340 can be routed to a purge zone 900 to recover at least a
portion of the catalyst and oxidation solvent for recycle to
the oxidation zone, while the remaining portion can be
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recycled directly back to the oxidation zone 100. In one
embodiment, from 5% to 100% by weight of the displaced
mother liquor stream 330 is routed to a purge zone 900
wherein a portion of the impurities present in mother liquor
stream 330 are isolated and exit the process as purge stream
920, wherein a portion is 5% by weight or greater. Recov-
ered solvent stream 910 comprises solvent and catalyst
isolated from stream 330 and is recycled to the oxidation
zone 100. The recovered solvent stream 910 contains greater
than 30% of the catalyst that entered the purge zone 900 in
stream 330. The stream 910 recycled to the oxidation zone
100 may contain greater than 50 weight %, or greater than
70 weight %, or greater than 90 weight % of the catalyst that
enters the purge zone 900 in stream 330 on a continuous or
batch basis.

As mentioned above, instead of feeding the cFDCA
composition to a solid-liquid separation zone, the cFDCA
zone can optionally and desirably be fed into a crude
crystallization zone 200 before the solid-liquid separation
zone. Feeding the cFDCA composition to a crude crystalli-
zation zone 200 has the advantage of generating a larger
amount of FDCA solids by transforming at least a portion of
FDCA in the liquid phase of the cFDCA composition into a
solid phase, and desirably also increasing the crystal size of
the solids. It also has the advantage of lowering the tem-
perature of the cFDCA stream so that the solid-liquid
separator is not subjected to the extreme high temperatures
of the cFDCA composition exiting the oxidation zone.

The cFDCA composition 110 can be crystallized in a
crude crystallization zone 200 to form a crystallized cFDCA
slurry stream 210. Generally, the crude crystallization zone
200 contains at least one crystallization device. The crys-
tallization device can be a flash vessel, a vessel equipped
with vacuum forming means or a heat exchanger to cool, or
both. The off-gas from the crystallizer is a vapor composi-
tion stream 220 that can be condensed in at least one
condenser and returned to the crystallization zone. Option-
ally, the liquid from the condenser or vapor product from the
crude crystallization zone can be recycled to the oxidation
zone 100, or it can be withdrawn or sent to an energy
recovery device. In addition, the vapor composition
removed via line 220 can be routed to a recovery system
where the oxidation solvent is removed and remaining
VOCs may be treated, for example by incineration in a
catalytic oxidation unit.

The crystallized cFDCA stream 210 exiting the crystalli-
zation zone 200 is at a temperature that is at least 15° C., or
at least 20° C., or at least 30° C., or at least 40° C., or at least
50° C., or at least 60° C., or at least 70° C., or at least 80°
C. less than the temperature of the cFDCA composition fed
to the crystallization zone. Desirably, the temperature of at
least one of the crystallization vessels within the crude
crystallization zone 200 is operated at a temperature within
arange of 40° C. to 160° C., or 50° C. to 150° C., or 60° C.
to 140° C.

Depending upon the type of solid-liquid separation device
used, it is desirable to configure the crude crystallization
zone 200 to reduce the temperature of the cFDCA entering
the crystallization zone 200 sufficient so that the solvent
does not significantly flash in cake forming zone of the
solid-liquid separation device, especially in vacuum filtra-
tion.

One method for cooling the cFDCA composition stream
110 can be accomplished by operating the crude crystalli-
zation zone 200 under a pressure that is lower than pressure
of the cFDCA composition feeding the crystallization zone.
Means for lowering the pressure include allowing the
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cFDCA stream to be fed into a flash vessel operated at or
above ambient pressure or at or above 1 atm., a crystalliza-
tion vessel that is operated under a vacuum of less than 1
atm, cooling coils such as would be found in a heat
exchanger, or a combination of these means. Desirably, at
least one of the crystallization vessels is operated under a
vacuum of less than 1 atm. while simultaneously flashing at
least a portion of the cFDCA fed to the vessel, optionally
also operating as a mechanically stirred tank.

It is also desirable, if more than one crystallization vessel
is employed in series, for the pressure within a downstream
crystallization vessel to be lower than the pressure of at least
one crystallization vessel upstream in the series, and even
more desirable is that the pressure within each crystalliza-
tion vessel is lower with each downstream successive vessel
in the series. The pressure reduction from the feed inlet to
the discharge within at least one crystallization vessel, and
desirably the pressure differential of at least two vessels, and
more desirably the pressure differential of each successive
crystallization vessel in the series (comparing the operating
pressure of one vessel to another vessel and taking the
difference), can be at least 10 Torr, or at least 20 Torr, or at
least 30 Torr, or at least 50 Torr, or at least 100 Torr. One or
more of the crystallizer vessels can be a mechanically stirred
tank.

Taking as an example, 3 vessels can be operated in series
within the crystallization zone, the first vessel in the crys-
tallization zone can be a flash tank operated at or greater than
ambient pressure, the second vessel can be a flash evapo-
ration crystallizer vessel operated under a vacuum of 750
Torr absolute or less, or 600 Torr absolute or less, or 400 Torr
absolute or less with a feed inlet above the liquid level
within the vessel that introduces the cFDCA feed into the
vessel, desirably across a pressure drop (such as a valve or
pipe constriction) to flash the oxidation solvent, and the third
vessel can be a crystallizer vessel, optionally operated with
flash evaporation, under a vacuum of less than 750 Torr
absolute, or at a pressure that is less than the second vessel
by 10 Torr or greater, or 100 Torr or greater.

There exists a temperature drop from one crystallization
vessel to the next succeeding crystallization vessel of at least
two adjacent vessels. Desirably, the temperature drop
between at least two adjacent crude crystallization vessels in
the series, and desirably of each adjacent crude crystalliza-
tion vessel (which includes a flash tank) in a series, is
desirably at least 10° C., or at least 20° C., or at least 30° C.
For example in a series of 4 crystallization vessels, the
second in the series will be operated at a temperature that is
at least 10° C. cooler than the first in the series, and the third
in the series will be operated at a temperature that is at least
10° C. cooler than the second, and the fourth will be
operated at a temperature that is at least 10° C. cooler than
the third in the series. Desirably, the first in the series cools
the cFDCA feed by at least 10° C., although if the first vessel
in the series is a flash evaporation tank, the amount of
cooling in this tank may be less than 10° C.

Any other method of cooling may be employed in addi-
tion to or in place of evaporative cooling and/or cooling
tubes, but in any event, there is desirably a temperature drop
across the cFDCA that exits the oxidation zone and prior to
entry into the solid-liquid separation zone.

Desirably, the pressure drop between the cFDCA feeding
the crystallization zone and the crystallized cFDCA exiting
the crystallization zone is at least 10 psi, or at least 15 psi,
or at least 20 psi, or at least 25 psi, or at least 30 psi, or at
least 35 psi, or at least 40 psi, or at least 50 psi, or at least
60 psi, or at least 70 psi.
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It is desirable to use more than one crystallization vessel
to allow for lower temperature drops across the feed to the
particular vessel and the discharge from the same vessel,
which in turn allows the crystals to grow to larger sizes. The
temperature drop between the feed into a vessel and the
discharge of the same vessel is desirably less than 60° C., or
no more than 50° C., or no more than 40° C., or no more than
35° C., or no more than 30° C., or no more than 25° C., or
no more than 20° C. Desirably, the temperature drop
between the feed and discharge of the crystallization vessel
is within the metastable region between the solubility value
and the supersaturation value at a given feed temperature.

The crude crystallization zone 200 produces a crystallized
cFDCA composition 210 which is discharged from the crude
crystallization device and fed to the first solid liquid sepa-
ration zone 300.

The concentrated cFDCA is enriched in the concentration
of FDCA solids relative to the concentration of FDCA solids
in the composition fed to the first solid liquid separation
zone. The concentration of solids in the concentrated FDCA
composition stream 310 is increased by at least 10%, or at
least 20%, or at least 30%, or at least 40%, or at least 50%,
or at least 60%, or at least 70%, or at least 80%, or at least
90%, or at least 100%, or at least 125%, or at least 150%,
relative to the concentration of FDCA in the feed to the solid
liquid separation zone, based on the weight of the compo-
sitions.

In a third step, concentrated cFDCA composition is fed to
a dissolution zone in which a hydrogenation solvent com-
position is combined with the FDCA solids in the concen-
trated cFDCA composition and at least a portion of the
FDCA solids are dissolved in the hydrogenation solvent to
thereby produce a solvated FDCA composition (sFDCA)
comprising dissolved furan 2,5-dicarboxylic acid (FDCA), a
hydrogenation solvent, and 5-formyl furan-2-carboxyic acid
(FFCA).

The concentrated cFDCA composition stream 310 is fed
to a dissolution zone 400. In the dissolution zone 400, at
least a portion of the FDCA solids, whether as a dry powder,
wet cake, or in a slurry, are dissolved in a hydrogenation
solvent composition at elevated temperatures to form a
solvated FDCA composition (sFDCA) stream 410. The
hydrogenation solvent composition desirably comprises a
solvent which dissolves at least a portion of the FDCA solids
under conditions used in the hydrogenation reaction zone
and which does not itself convert to other products which
must be separated in any appreciable amount, e.g. more than
20% conversion of the types of products requiring removal.
Suitable hydrogenation solvent compositions include water
and steam. Desirably, the hydrogenation solvent composi-
tion comprises at least 80 wt. % water, or at least 90 wt. %
water, or at least 95 wt. % water, or at least 99 wt. % water,
or at least 100 wt. % water.

In the dissolution zone 400, it may be necessary to elevate
the temperature of the FDCA solids when combined with the
hydrogenation solvent composition to dissolve at least a
portion of the FDCA solids into the hydrogenation solvent
composition. The hydrogenation solvent and washed FDCA
solids are desirably combined at a solvent-to-solids weight
ratio in the range of from about 0.5:1 to about 50:1, or in the
range of from 1:1 to 20:1, or in the range of from 1:1 to 15:1,
or in the range of from 1:1 to 10:1, or in the range of from
1.5:1 to 5:1. The solvated FDCA composition discharged
from the dissolution zone can contain hydrogenation sol-
vent, such as water, in an amount ranging from at least 60 wt.
%, or at least 70 wt. %, or at least 80 wt. % and up to 99 wt.
%, or up to 95 wt. %, or up to 90 wt. %.
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Suitable dissolution temperatures are those effective to
dissolve the desired amount of FDCA solids into solution.
The hydrogenation solvent composition may be added at (by
pre-heating) or heated in the dissolution zone to a tempera-
ture of at least 120° C. under a pressure and time sufficient
to allow for at least 80 wt. % dissolution, although to reduce
the time required for dissolution, it is desirable that the
hydrogenation solvent composition temperature is at least
130° C., or at least 135° C., or at least 140° C., or at least
150° C. The hydrogenation solvent temperature does not
need to exceed 240° C., or 220° C., or 200° C., or even 190°
C., or even 180° C. The solubility of FDCA in water at
ambient pressure increases dramatically as the temperature
of the water increases beyond 130° C.

It is desired to dissolve at least 80 wt. %, or at least 90 wt.
%, or at least 95 wt. %, or at least 98 wt. %, or at least 99
wt. % or at least 99.5 wt. % of the solids in the cFDCA
solution to produce a the solvated FDCA composition. The
sFDCA composition comprises dissolved furan 2,5-dicar-
boxylic acid (FDCA), the hydrogenation solvent composi-
tion, and 5-formyl furan-2-carboxyic acid (FFCA).

An example of the sSFDCA composition is:

a) less than 5 wt. %, or less than 4 wt. %, or less than 3
wt. %, or less than 2 wt. %, or less than 1 wt. %, or less
than 0.5 wt. %, or less than 0.1 wt. %, or less than 0.01
wt. % solids;

b) dissolved FDCA in an amount of greater than 0, or at
least 1 wt. %, or at least 2 wt. %, or at least 5 wt. %,
or at least 7 wt. %, or at least 9 wt. %, or at least 10 wt.
%, or at least 12 wt. %, or at least 15 wt. %, based on
the weight of the sSFDCA composition. The upper limit
is not particularly limited, but amount of up to 50 wt.
%, or up to 45 wt. %, or up to 40 wt. %, or up to 35 wt.
%, or up to 30 wt. %, or up to 25 wt. %, or up to 20 wt.
%, or up to 15 wt. %, or up to 12 wt. %, based on the
weight of the sFDCA composition, are useful; and

¢) a hydrogenation solvent in an amount of at least 30 wt.
%, or at least 35 wt. %, or at least 40 wt. %, or at least
45 wt. %, or at least 50 wt. %, or at least 55 wt. %, or
at least 55 wt. %, or at least 60 wt. %, or at least 65 wt.
%, or at least 70 wt. %, or at least 75 wt. %, or at least
80 wt. %, and up to 98 wt. %, or up to 95 wt. %, or up
to 92 wt. %, or up to 90 wt. %, or up to 85 wt. %, or
up to 80 wt. %, or up to 75 wt. %, or up to 70 wt. %,
or up to 65 wt. %, or up to 60 wt. %, or up to 55 wt.
%, or up to 50 wt. %, based on the weight of the sSFDCA
composition; and

d) FFCA in an amount of at least greater than 0, or at least
0.005 wt. % FFCA, or at least 0.01 wt. % FFCA, or at
least 0.05 wt. % FFCA, or at least 0.1 wt. % FFCA, or
at least 0.25 wt. % FFCA, based on the weight of the
sFDCA composition. There is not particular upper limit
and the amount can contain 3 wt. % or less, or up to 2.5
wt. %, or up to 2 wt %, or up to 1.5 wt. %, based on the
weight of the sFDCA composition.

One advantage of the invention is that FDCA solubilizes
in water at much low temperatures, thereby reducing the
energy requirements for obtaining a solution adequate for
hydrogenation. Although good solubility is also obtained at
very high hydrogenation solvent temperatures, it is not
necessary to employ such high temperatures to obtain a
solution. Thus, the hydrogenation solvent temperature does
not need to exceed 240° C., or even 200° C., or even 190°
C., or even 180° C. to obtain a solvated FDCA solution. The
solvated FDCA solution fed into the hydrogenation reaction
zone within the hydrogenation reactor can be at a tempera-
ture within the range of 130° C.-200° C., or 135° C.-200° C.,
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or 140° C.-200° C., or 145° C.-200° C., or 150° C.-200° C.,
or 130° C.-190° C., or 135° C.-190° C., or 140° C.-190° C.,
or 145° C.-190° C., or 150° C.-190° C., or 130° C.-185° C.,
or 135° C.-185° C., or 140° C.-185° C., or 145° C.-185° C.,
or 150° C.-185° C., or 130° C.-180° C., or 135° C.-180° C.,
or 140° C.-180° C., or 145° C.-180° C., or 150° C.-180° C.,
or 130° C.-175° C., or 135° C.-175° C., or 140° C.-175° C.,
or 145° C.-175° C., or 150° C.-175° C.

It is also desirable to provide shear force in the dissolution
zone through an impeller or agitator or mechanical mixer to
assist with dissolution. The residence time should be suffi-
cient under the temperature and shear conditions to dissolve
the FDCA solids to the desired level.

The FDCA solids are contacted with the hydrogenation
solvent for a sufficient time, shear, and temperature in the
dissolution zone to accomplish dissolving at least a portion
of the solids present in crude FDCA. Additionally, to further
assist with dissolution, the concentrated FDCA composition
stream 310 can be pre-mixed with steam before its intro-
duction into the dissolution vessel. Alternatively, a concen-
trated FDCA composition stream can be contacted with
steam within the dissolution vessel.

In a fourth step, the sSFDCA composition is subjected to a
hydrogenation reaction in a hydrogenation reaction zone 500
under conditions sufficient to cause hydrogenation of at least
a portion of FFCA, and desirably also at least a portion of
the color bodies, to generate a hydrogenated FDCA com-
position (“hFDCA”) containing dissolved FDCA and hydro-
genation solvent. Hydrogenation converts FFCA and other
impurities present in sFDCA composition stream 410 to
water soluble compounds.

Desirably, the sFDCA composition can be exposed to
hydrogenation conditions in a hydrogenation zone 500 at a
temperature within a range of 130° C. to 240° C. by
contacting the sFDCA composition with hydrogen 520 in the
presence of a hydrogenation catalyst under a hydrogen
partial pressure within a range of 10 psig to 900 psig, to
thereby produce a hydrogenated furan 2,5-dicarboxylic acid
composition (hFDCA) comprising dissolved FDCA, hydro-
genated FFCA, and the hydrogenation solvent. In the pro-
cess of the invention, the cFDCA is purified by catalytic
hydrogenation of the by-products in the following non-
limiting types of reactions:

®)
(€] (€]
0 cat
HO \ / H+ H —
FFCA
(6] OH
O
HO \ /
5-(hydroxymethyl)furan-2-carboxylic acid
(5-HMFCA)
©
(€] (€]
O,
cat
HO \ / H+ 2H, —
FFCA
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e}
O
HO \ / + H,O
5-methylfuran-2-carboxylic acid
(5-MFCA)
@
e} e}
0 cat
HO \ / H + 2Hy —
FFCA
OH
O,
\ / + CO + H0
furan-2-ylmethanol
EM)
®
e} e}
0O cat
HO \ / H—
FFCA
e}
O,
HO \ / + CO
furan-2-carboxylic acid
(FCA)

As can be seen in the reaction equations above, the
intermediate FFCA is converted to 5-HMFCA, 5-MFCA,
FCA and FM, all of which are water soluble and can be
separated easily from FDCA through any number of tech-
niques, such as crystallization in which FDCA precipitates
while retaining S-HMFCA, 5-MFCA, FCA and/or FM in the
hydrogenation solvent phase (e.g. aqueous phase). In addi-
tion, unsaturation in the colored bodies are converted to
saturated species to thereby remove color, and they can
either be removed from the product FDCA or can remain in
or on the FDCA product.

The sFDCA solution is introduced into a hydrogenation
vessel where the solution is contacted, in the hydrogenation
reaction zone, with hydrogen 520 and a hydrogenation
catalyst. In the process of the invention, hydrogenation is
carried out under mild conditions while effectively and
dramatically reduce the amount of FFCA and color bodies.
By carrying out hydrogenation under mild conditions, selec-
tive hydrogenation can be conducted to minimize hydroge-
nating the furan ring of the FDCA molecule while selec-
tively hydrogenating FFCA and color bodies, compared to
conducting hydrogenation under higher temperature and
pressure. Further, less energy is consumed to obtain a
desired level of intermediate species which result in chain
termination and to obtain the desired level of color in the
final product. A further advantage of carrying out hydroge-
nation under mild conditions is the diminished risk of
degrading the FDCA molecule.

Unlike conventional hydrogenation process is carried out
at a temperature of at least 250° C., in the present invention,
hydrogenating the sFDCA solution at a temperature within

w

10

15

20

30

35

40

50

60

65

22

a range of 130° C. to 240° C., or even less than 200° C., is
effective to obtain the desired level of FFCA and color
reduction. The hydrogenation temperature in the hydroge-
nation reaction zone can be at a temperature within a range
of 130°-240° C., or 130° C.-225° C., or 130° C.-205° C., or
130° C.-200° C., or 130° C. to less than 200° C., or 135° C.
to less than 200° C., or 140° C. to less than 200° C., or 145°
C. to less than 200° C., or 150° C. to less than 200° C., or
130°-195°, or 135°-195°, or 140°-195°, or 145°-195°, or
150°-195°, or 130° C.-190° C., or 135° C.-190° C., or 140°
C.-190° C., or 145° C.-190° C., or 150° C.-190° C., or 130°
C.-185° C., or 135° C.-185° C., or 140° C.-185° C., or 145°
C.-185° C., or 150° C.-185° C., or 130° C.-180° C., or 135°
C.-180° C., or 140° C.-180° C., or 145° C.-180° C., or 150°
C.-180° C., or 130° C.-175° C., or 135° C.-175° C., or 140°
C.-175° C., or 145° C.-175° C., or 150° C.-175° C. The
hydrogenation temperature is determined by the temperature
of the liquid at or near the liquid discharge port of the
hydrogenation reactor in a continuous process or by a
thermocouple within the liquid inside the hydrogenation
reactor in a batch process.

The partial pressure of hydrogen in the hydrogenation
reaction zone within the hydrogenation reactor is also
reduced to thereby consume less hydrogen while maintain-
ing a good reduction of FFCA and color in the resulting
purified FDCA. The partial pressure of hydrogen in the
hydrogenation zone is desirably sufficient to drive at least a
portion of the hydrogen into solution. In addition, the partial
pressure selected is dependent upon the reaction temperature
selected. To avoid hydrogenating the furan ring, the partial
pressure of hydrogen should be controlled at a given reac-
tion temperature. A lower hydrogen partial pressure should
be selected if the reaction temperature is at a high, while
higher hydrogen partial pressures can be selected if the
reaction temperature is low. The particular values selected
within each of the pressure and temperature ranges disclosed
above should be effective to lower the b* color and presence
of FFCA while minimizing formation of THFDCA (the
hydrogenated FDCA ring). The partial pressure of hydrogen
can vary from 10 psi to 1000 psi, or from 20 psi to 1000 psi,
or from 50 psi to 1000 psi, or from 10 psi to 950 psi, or from
20 psi to 950 psi, or from 50 psi to 950 psi, or from 10 psig
to 900 psi, or from 20 psi to 900 psi, or from 50 psi to 900
psi, or from 20 psi to 750 psi, or from 50 psi to 750 psi, or
from 20 psi to 600 psi, or from 50 psi to 600 psi, or from 20
psi to 500 psi, or from 50 psi to 500 psi, or from 20 psi to
400 psi, or from 50 psi to 400 psi, or from 20 psi to 300 psi,
or from 50 psi to 300 psi, or from 20 psi to 250 psi, or from
50 psi to 250 psi, or from 20 psi to 200 psi, or from 50 psi
to 200 psi, or from 20 psi to 150 psi, or from 50 psi to 150
psi, or from 20 psi to 100 psi, or from 50 psi to 100 psi, or
from 20 psi to 90 psi, or from 50 psi to 90 psi. The hydrogen
partial pressure is calculated by subtracting the vapor pres-
sure of water or combination of hydrogenation solvents at
the reaction temperature from the total reactor pressure.

The total pressure within the hydrogenation reaction zone
is also desirably effective to provide a reduction of FFCA
and color in the resulting purified FDCA without formation
of high amounts of THFDCA while also sufficient to drive
the hydrogen into solution. The total pressure can vary from
35 psig to 1200 psig, or from 50 psig to 1200 psig, or from
35 psig to 1000 psig, or from 50 psig to 1000 psig, or from
35 psig to less than 950 psig, or from 50 psig to less than 950
psig, or from 70 psig to less than 950 psig, or from 35 psig
to 930 psig, or from 50 psig to 930 psig, or from 70 psig to
930 psig, or from 35 psig to 900 psig, or from 50 psig to 900
psig, or from 70 psig to 900 psig, or from 35 psig to 800 psig,
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or from 50 psig to 800 psig, or from 70 psig to 800 psig, or
from 35 psig to 650 psig, or from 50 psig to 650 psig, or
from 70 psig to 650 psig, or from 35 psig to 550 psig, or
from 50 psig to 550 psig, or from 70 psig to 550 psig, or
from 35 psig to 350 psig, or from 50 psig to 350 psig, or
from 70 psig to 350 psig, or from 35 psig to 300 psig, or
from 50 psig to 300 psig, or from 70 psig to 300 psig, or
from 35 psig to 250 psig, or from 50 psig to 250 psig, or
from 70 psig to 250 psig, or from 35 psig to 200 psig, or
from 50 psig to 200 psig, or from 70 psig to 200 psig, or
from 35 psig to 150 psig, or from 50 psig to 150 psig, or
from 70 psig to 150 psig, or from 35 psig to 130 psig, or
from 50 psig to 130 psig, or from 70 psig to 130 psig.

The molar ratio of hydrogen fed to the hydrogenation
reaction zone to moles of sSFDCA fed to the hydrogenation
zone is desirably in the range of from 0.01:1 to 2:1, or 0.02:1
to 1:1, or from 0.02:1 to less than 1:1, or from 0.02:1 to
0.8:1, or from 0.02:1 to 0.5:1, or from 0.02:1 to 0.1:1, or
from 0.02:1 to 0.08:1, or from 0.02:1 to 0.06:1.

Hydrogen can be fed into the hydrogenation reaction zone
pure at a 100 mole % hydrogen concentration or as a mixed
feed with other inert gases. The concentration of hydrogen
fed into the reaction zone is not particularly limited. Suitable
amounts can be at least 80 wt. %, or at least 90 wt. %, or at
least 95 wt. %, or at least 98 wt. %, or at least 99.5 wt. %.

The residence time is effective to reduce the b* color of
the sFDCA composition and reduce the amount of FFCA
while minimizing the formation of THFDCA at the reaction
temperature and catalyst type and loading selected.
Examples of suitable residence times of the sSFDCA in the
hydrogenation reaction zone can range from 15 minutes to
10 hours, and 45 minutes to about 5 hours are useful and
commercially practical.

The process of the present invention can be operated in a
variety of configurations or vessel designs. One such con-
figuration or vessel is a fixed bed flow reaction system.
Desirably, the hydrogenation reaction is conducted in a fixed
bed flow reaction system. The substrate to be hydrogenated,
the sFDCA solution, is in the dissolved phase in the hydro-
genation reaction zone. Another type of suitable configura-
tion or vessel is a trickle bed configuration or a stirred tank
reactor. Regardless of the method of operation, the desired
time of contact between the sFDCA solution, hydrogen, and
catalyst components can be varied as desired to achieve the
desired level of reaction.

One example is a hollow cylindrical vessel that is verti-
cally oriented, in which the sFDCA solution is introduced
into the hydrogenation reactor at or near the top of the vessel
and in the presence of hydrogen flows down through the
reaction chamber or zone and over a fixed catalyst bed
supported by mesh, wire, or perforated plates. The hydro-
genated FDCA solution is discharged from the hydrogena-
tion reactor at or near the bottom of the reactor. The reactor
can be dissolved full or may have a gas head above the
dissolved level of the sFDCA solution, but the dissolved
level should at least submerge the catalyst beds. If not
dissolved full, the reactor can be operated to maintain a
constant dissolved level by feeding hydrogen gas into the
gas space at a rate sufficient to maintain a constant dissolved
level. If operated dissolved full, the hydrogen can be dis-
solved in at least a portion of the sSFDCA solution with a flow
meter and fed into the hydrogenation reaction zone as a
dissolved hydrogen FDCA solution.

The sFDCA solution is contacted with a hydrogenation
catalyst in the hydrogenation reaction zone. Any conven-
tional hydrogenation catalyst may be employed. The hydro-
genation catalyst employed in the hydrogenation zone/ves-
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sel can be a noble Group VIII metal on a conventional
catalyst carrier or support material such as carbon. Although
palladium on carbon is a typical hydrogenation catalyst, it is
possible to use catalysts containing other platinum group
metals such as ruthenium, rhodium, osmium, iridium and
platinum, or an oxide of such a metal or by a metallic
catalyst like Pd and/or Rh on carbon. It is also possible to use
layered catalyst beds consisting of a layer of Rh on carbon
catalyst before or after the bulk of Pd on carbon catalysts.

The carbon support material can be granular, in pellet
form, or any other particle form. The type of carbon used is
also not limited. Activated carbon can be used having a
surface area of at least 200 m*/gm without any upper limit.
Suitable amounts can range from 200 to 3000 m*/gm, or
from 300 to 3000 m*/gm, or from 500 to 3000 m*/gm or
from 600 to 3000 m*/gm, each by the BET Method.

The loading of metal onto the support can be from 0.01
wt. % up to 5 wt. %, or from 0.01 to 1.0 wt. %, based on the
weight of the final catalyst composition (including the
support). The amount of catalyst metal loaded into the
reaction zone is effective to obtain the desired degree of
conversion without excessive production of by-products.
The moles of FFCA fed into the hydrogenation reactor per
hour to the moles of total catalyst metal(s) employed can be
atleast 0.1 hr':1, or at least 1 hr™':1, or at least 5 hr*:1, or
at least 10 hr™':1, and can be as high as desired although
consideration should be given to avoid an excessive amount
of total catalyst metal(s) that could lead to the formation of
excessive amounts of THFDCA. Suitable molar ratios of
FFCA fed per hour to moles of catalyst metal can be up to
150 hr:1, or up to 125 hr™*:1, or up to 100 hr~*:1.

The hydrogenation reactor can be any conventional
hydrogenation vessel. One example is a hollow cylindrical
vessel that horizontally or vertically oriented, desirably is
vertically oriented, in which the sFDCA solution is intro-
duced into the hydrogenation reactor at or near the top of the
vertical vessel or at one end of a horizontal vessel, and in the
presence of hydrogen flows down through the reaction
chamber or zone and over a fixed catalyst bed supported by
mesh, wire, or perforated plates in a vertical vessel or across
the catalyst bed in a horizontally oriented reactor. The
hydrogenated FDCA solution is discharged from the hydro-
genation reactor at or near the bottom of the reactor in a
vertical reactor or at an end that is distal from the entry point
in a horizontally oriented reactor. The reactor can be liquid
full or may have a gas head above the liquid level of the
sFDCA solution, but the liquid level should at least sub-
merge the catalyst beds. If not liquid full, the reactor can be
operated to maintain a constant liquid level by feeding
hydrogen gas into the gas space at a rate sufficient to
maintain a constant liquid level. If operated liquid full, the
hydrogen can be dissolved in at least a portion of the sSFDCA
solution with a flow meter and fed into the hydrogenation
reaction zone as a dissolved hydrogen FDCA solution.

During the hydrogenation process, the following unde-
sired reactions in equations 9, 10, or 11 may occur if the
hydrogenation conditions are too severe, either because the
hydrogenation temperature is too high for the residence time
(or average hourly space velocity) employed, or the partial
pressure of hydrogen is too high, or the catalyst loading is
too high, or a combination of two or more of these activities:
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HO \ / OH + 2Hy —
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HO OH
tetrahydrofuran-2,5-dicarboxylic acid
(THFDCA)
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0 cat
HO \ / OH + 3H —
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HO + CO + H,0
tetrahydrofuran-2-carboxylic acid
(THCA)
a1
(€] (€]
O,
cat
HO \ / OH + Hy —
FDCA
(€]
O.
HO \ / + CO + H,O
furan-2-carboxylic acid

(FCA)

Hydrogenating under conditions that are too severe results
in hydrogenating the furan ring, or dissociating a carboxylic
acid group from the furan ring, or a combination of both.
Thus, it is desirable to conduct the hydrogenation reaction
under conditions effective such that the hydrogenated FDCA
composition (hFDCA) discharged from the hydrogenation
reaction zone contains no more than 2 wt. % of THFDCA,
or no more than 1.5 wt. %, or no more than 1 wt. %, or no
more than 0.8 wt. %, or no more than 0.7 wt. %, or no more
than 0.6 wt. %, or no more than 0.5 wt. %, or no more than
0.4 wt. %, or no more than 0.3 wt. %, or no more than 0.1
wt. % THFDCA, based on the weight of the hFDCA
composition, which includes liquid and solids. While higher
amounts of THFDA can be contained within the hFDCA
composition, such as less than 10 wt. % THFDCA, or no
more than 5 wt. % THFDCA and greater than 2 wt. %, based
on the weight of the hFDCA composition, such high amount
of THFDCA represent a high loss of'yield, and a commercial
process would become impractical to maintain.

In a fifth step, the hFDCA composition is crystallized to
generate a crystallized hFDCA composition comprising lig-
uid and FDCA solids.

The hFDCA composition 510 is fed to a purified crystal-
lization zone 600 in which the hFDCA composition is
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subjected to crystallization conditions to form a crystallized
hFDCA composition 610. Feeding the hFDCA composition
to a purified crystallization zone 600 has the advantage of
generating a larger amount of FDCA solids by precipitating
into the solid phase any FDCA in the liquid phase of the
hFDCA composition, while leaving other hydrogenated
impurities in the hydrogenation solvent phase (e.g. aqueous
phase). It also has the advantage of lowering the temperature
of the hFDCA stream by evaporative cooling through pres-
sure reduction so that the solid-liquid separator is not
subjected to the extreme high temperatures and pressures of
the cFDCA composition exiting the hydrogenation reaction
zone 500. The decreased temperature in crystallization sys-
tem causes the majority (more than 50 wt. %, or at least 75
wt. %, or at least 80 wt. %, or at least 90 wt. %, or at least
95 wt. %, or at least 98 wt. %, or at least 99 wt. %) of the
dissolved FDCA in the hFDCA composition stream 510 to
precipitate and form solids.

Generally, the purified crystallization zone 600 comprises
at least one crystallizer. The off-gas from the crystallizer is
a vapor composition stream 620 that can be condensed in at
least one condenser and returned to the purified crystalliza-
tion zone 600. Optionally, the liquid from the condenser or
vapor product from the purified crystallization zone 600 can
be recycled to the primary oxidation zone 100, or it can be
withdrawn or sent to an energy recovery device. In addition,
the vapor composition removed via line 620 can be routed
to a recovery system where the oxidation solvent is removed
and remaining VOCs may be treated, for example by incin-
eration in a catalytic oxidation unit.

The crystallized hFDCA stream is at a temperature that is
atleast 15° C., or at least 20° C., or at least 30° C., or at least
40° C., or at least 50° C., or at least 60° C., or at least 70°
C., or at least 80° C. lower than the temperature of the
hFDCA composition fed to the purified crystallization zone
600. Desirably, the crystallized hFDCA composition 610,
either as discharged from the purified crystallization zone
600 or as introduced into the second solid-liquid separation
zone 700, is at a temperature of 130° C. or less, or 120° C.
or less, or 110° C. or less, or less than 100° C., or 99° C. or
less, of 95° C. or less, or 80° or less, or 70° C. or less, or 60°
C. or less. Cooling the hFDCA composition to obtain a
crystallized hFDCA composition 610 at a temperature below
130° C. when the hydrogenation solvent is water has the
advantage of crystallizing increasing amounts of dissolved
FDCA as can be seen from the solubility curve of FDCA in
water in FIG. 2. Cooling below the boiling point of water of
100° C. has the advantage of avoiding flashing water in a
vacuum solid liquid separation device.

The hFDCA composition can be cooled in at least one
crystallization vessel to a temperature that is at least 10° C.,
or at least 20° C., or at least 30° C. lower than the
temperature of the hFDCA composition fed to that same
vessel. It is desirable to use more than one crystallization
vessel to allow for lower temperature drops across the feed
to the particular vessel and the discharge from the same
vessel, which in turn allows the crystals to grow to larger
sizes. The temperature drop between the feed into a purified
crystallization vessel and the discharge of the same vessel of
at least one of the vessels within the purified crystallization
zone, and desirably all the vessels, can be less than 60° C.,
or no more than 50° C., or no more than 40° C., or not more
than 35° C., or not more than 30° C., or not more than 25°
C., or not more than 20° C., or not more than 15° C., but at
least 5° C.
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Desirably, the temperature within at least one purification
crystallization vessel is with a range 0of 40° C. to 160° C., or
50° C. to 150° C., or 60° C. to 140° C.

One method for cooling the hFDCA composition stream
510 is flashing the hydrogenation solvent to a vapor by
pressure reduction within the purified crystallizer zone 600.
The pressure can be let down, and the temperature reduced,
within the purified crystallization zone 600 in stages using
more than one crystallization vessel. Although flash cooling
by pressure reduction has been described above, the hFDCA
composition can be cooled by any method known in art.

One method for cooling the hFDCA composition stream
510 can be accomplished by operating the purified crystal-
lization zone 600 under a pressure that is lower than pressure
of the hFDCA composition feeding the purified crystalliza-
tion zone 600. Means for lowering the pressure include
allowing the hFDCA stream to be fed into one or more flash
vessels operated at or above ambient pressure or at or above
1 atm., a crystallization vessel that is operated under a
vacuum of less than 1 atm, cooling coils such as would be
found in a heat exchanger, or a combination of these means.
Desirably, at least one of the purified crystallization vessels
is a flash vessel operated at or above 1 atm. Desirably, in
addition to one or more flash vessels, one may use one or
more crystallization vessels operated under a vacuum of less
than 1 atm. while simultaneously flashing at least a portion
of the cFDCA fed to the vessel, optionally also operating as
a mechanically stirred tank.

It is also desirable, if more than one purified crystalliza-
tion vessel is employed in series, for the pressure within a
downstream purified crystallization vessel to be lower than
the pressure of at least one purified crystallization vessel
upstream in the series, and even more desirable is that the
pressure within each purified crystallization vessel is lower
with each downstream successive vessel in the series. The
pressure reduction from the feed inlet to the discharge within
at least one crystallization vessel, and desirably the pressure
differential of at least two vessels, and more desirably the
pressure differential of each successive crystallization vessel
in the series (comparing the operating pressure of one vessel
to another vessel and taking the difference), can be at least
10 Torr, or at least 20 Torr, or at least 30 Torr, or at least 50
Torr, or at least 100 Torr. One or more of the crystallizer
vessels can be a mechanically stirred tank.

Taking as an example, 4 vessels operated in series within
the purified crystallization zone, the first vessel in the
purified crystallization zone can be a flash tank operated
under ambient or at least 1 atm, the second vessel can be a
another flash tank operated under ambient or at least 1 atm.,
the third vessel can be a flash evaporation crystallizer vessel
operated under a vacuum of 750 Torr absolute or less or 400
Torr absolute or less with a feed inlet above the liquid level
within the vessel that introduces the hFDCA feed into the
vessel, desirably across a pressure drop (such as a valve or
pipe constriction) to flash the oxidation solvent, and the
fourth vessel can be a crystallizer vessel, optionally operated
with flash evaporation, under an additional vacuum such as
200 Torr absolute or less.

Since the pressure drops will volatize or flash the oxida-
tion solvent, thereby producing a crystallized hFDCA com-
position enriched in the concentration of FDCA relative to
the concentration of FDCA in the hFDCA composition
feeding the purified crystallization zone 600, while also
cooling the hFDCA by evaporative cooling and/or applied
cooling as by way of cooling tubes, there exists a tempera-
ture drop from one purified crystallization vessel to the next
succeeding purified crystallization vessel of at least two
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adjacent vessels. Desirably, the temperature drop differential
of at least two adjacent crude purified crystallization vessels
in the series, and desirably of each adjacent purified crys-
tallization vessel (which includes a flash tank) in a series, is
desirably at least 10° C., or at least 20° C., or at least 30° C.
For example in a series of 4 crystallization vessels, the
second in the series will be operated at a temperature that is
at least 10° C. cooler than the first in the series, and the third
in the series will be operated at a temperature that is at least
10° C. cooler than the second, and the fourth will be
operated at a temperature that is at least 10° C. cooler than
the third in the series. Desirably, the first in the series cools
the hFDCA feed also be at least 10° C., although if the first
vessel in the series is a flash evaporation tank, the amount of
cooling in this tank may be less than 10° C.

Any other method of cooling may be employed in addi-
tion to or in place of evaporative cooling and/or cooling
tubes, but in any event, there is desirably a pressure drop
across the hFDCA that exits the hydrogenation reaction zone
and prior to entry into the second solid-liquid separation
zone to cool the temperature of the hFDCA composition.

Desirably, the pressure drop between the hFDCA stream
510 feeding the purified crystallization zone 600 and the
crystallized hFDCA 610 exiting the purified crystallization
zone 600 can be at least 10 psi, or at least 15 psi, or at least
20 psi, or at least 25 psi, or at least 30 psi, or at least 35 psi,
or at least 40 psi, or at least 50 psi, or at least 60 psi, or at
least 70 psi, or at least 90 psi, or at least 100 psi, or at least
150 psi, or at least 200 psi, or at least 250 psi, or at least 300
psi, or at least 350 psi, or at least 400 psi. A significant
portion of the pressure drop can occur in one or more flash
vessels within the purified crystallization zone.

In a sixth step, at least a portion of the liquid in the
crystallized hFDCA composition 610 is separated from the
FDCA solids to thereby generate a purified FDCA compo-
sition enriched in the concentration of FDCA solids relative
to the concentration of FDCA solids in the crystallized
hFDCA composition.

For example, as shown in FIG. 1, the purified crystalli-
zation zone 600 produces a concentrated hFDCA solution
which is discharged from the purified crystallization device
and fed to the second solid liquid separation zone 700 to
produce a purified FDCA product composition stream 710
(pFDCA) comprising FDCA solids.

In the second solid liquid separation zone 700, a second
mother liquor stream 730 and a second wash liquor stream
740 are generated. These functions may be accomplished in
a single solid-liquid separation device or multiple solid-
liquid separation devices. The second solid-liquid separation
zone comprises at least one solid-liquid separation device
capable of separating solids and liquids, and desirably also
washing solids with a wash fed stream 720.

The principles of operation, types of devices, and process
conditions suitable for use in the second solid liquid sepa-
ration zone 700 are described above with reference to the
first solid liquid separation zone 300.

Consideration to the operating conditions should be given
to account for the presence of the hydrogenation solvent. For
example, only one wash zone may be required to adequately
wash the FDCA cake if the hFDCA composition uses water
as the hydrogenation solvent and the wash solvent is also
water. The wash solvent composition 720 can be customized
to produce a wet cake designed for an end use application.
For example, if a dry solid is desired, multiple wash zones
can be provided in which the first wash solvent can be water
to wash the remaining water soluble impurities from the
FDCA solids, followed by an acetic acid wash which, due to
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its higher vapor pressure, more readily evaporates and dries
the FDCA cake with less energy consumption than would be
required if the cake was water wet. Alternatively, if one
desires to ship a water moist cake, only one wash zone with
a water wash is needed, although more can be used, with
optional partial drying. Or, if one desires to ship a hydroxyl
wet cake, the last wash zone can be with a wash composition
containing a compound having at least one hydroxyl group
such as methanol or ethylene glycol to produce a methanol
wet cake or an EG wet cake. Even when making a dry solids,
one may nevertheless wash with water and feed the water
wet cake to the dryer to avoid having to separate acetic acid
from water in a wash liquor solvent.

Upon separation of at least a portion of the liquid from the
FDCA solids in the crystallized hFDCA composition, a
purified FDCA composition (pFDCA) is generated that is
enriched in the concentration of FDCA solids relative to the
concentration of FDCA solids in the crystallized hFDCA
composition. The degree of enrichment is dependent upon
the form (slurry, wet cake, dried solids) in which one desires
to ship and use the pFDCA composition. A suitable increase
in the concentration of FDCA solids by weight of the
purified FDCA composition relative to the concentration of
FDCA solids in the crystallized hFDCA composition by
weight of the crystallized FDCA composition can be at least
10%, or at least 20%, or at least 30%, or at least 40%, or at
least 50%, or at least 60%, or at least 70%, or at least 80 wt.
%, or at least 90%.

If one desired to produce a purified dry FDCA composi-
tion as the product, the FDCA cake or cake residue 710 can
be fed to an optional dryer zone 800 to generate a dry
product stream 810 comprising FDCA solids and vapor
stream 820 comprising at least a portion of the wash solvent
that remained on the cake 710. Although a solid liquid
separator device may come equipped with a drying zone, the
moisture content on the discharged cake may not be suffi-
ciently low to meet a customer specification. Therefore, an
additional optional dryer in dryer zone 800 may employed to
further reduce the moisture content on the cake to produce
dried purified FDCA solids having a moisture level of less
than 5 wt % moisture, or no more than 4 wt. % moisture, or
no more than 3 wt. % moisture, or no more than 2 wt. %
moisture, or no more than 1 wt. % moisture, or no more than
5000 ppm moisture, or no more than 1000 ppm moisture, or
no more than 500 ppm moisture, based on the weight of the
dried purified FDCA solid stream as discharged from the
dryer zone 800.

The vapor stream 820 comprises wash solvent used in the
second solid liquid separation zone 700 that exits the dryer
zone 800 as a vapor. The dryer zone 800 comprises at least
one dryer and can be accomplished by any means known in
the art that is capable of evaporating at least 10% of the
volatiles in the purified FDCA cake stream 710 to produce
the dry purified FDCA stream 810 comprising purified
FDCA. For example, indirect contact dryers including a
rotary steam tube dryer, a Single Shaft Porcupine® dryer,
and a Bepex Solidaire® dryer. Direct contact dryers includ-
ing a fluid bed dryer, a ring dryer, and drying in a convey line
can be used for drying to produce stream 810.

If desired, a vacuum system can be utilized to pull vapor
stream 820 from the dryer zone 800. If a vacuum system is
used in this fashion, the pressure of stream 820 at the dryer
outlet can range from about 760 mmHg absolute to about
400 mmHg absolute, from about 760 mmHg absolute to
about 600 mmHg absolute, from about 760 mmHg absolute
to about 700 mmHg absolute, from about 760 mmHg
absolute to about 720 mmHg absolute, from about 760
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mmHg absolute to about 740 mmHg absolute, wherein
pressure is measured in mmHg above absolute vacuum.

The contents of the conduit between second solid-liquid
separation zone 700 and the dryer zone 800 utilized to
transfer purified FDCA cake stream 810 may contain FDCA
solids and gas wherein gas is the continuous phase. In one
embodiment, the difference in pressure where cake stream
810 exits the second solid liquid separation zone 700 and
where vapor stream 820 exits drying zone 800 is less than 2
psi gauge, less than 0.8 psi gauge, and preferably less than
0.4 psi gauge. In one embodiment, a rotary air-lock valve is
used to discharge solids from the dryer zone to a location
outside the dryer zone that has a higher pressure than the
drying zone. In this embodiment, the rotary air-lock valve
serves to meter dry solids from the dryer into a higher
pressure environment.

The purified FDCA composition produced by the process
of the invention (“pFDCA”) desirably has the following
composition:

The pFDCA composition desirably has the following
composition:

a) solids, wherein at least 95 wt. %, or at least 97 wt. %,
or at least 98 wt. %, or at least 99 wt. %, or at least 99.5
wt. %, or at least 99.8 wt. %, or at least 99.9 wt. %, or
at least 99.95 wt. % of the solids are FDCA, based on
the weight of the solids;

b) a b* of at least zero and less than 4, or less than 3, or
less than 2, or less than 1.5, or less than 1, or less than
0.8, or less than 0.5;

¢) FFCA in an amount of less than 500 ppm, or less than
200 ppm, or less than 100 ppm, or less than 50 ppm, or
less than 25 ppm, or less than 20 ppm, or less than 15
ppm, or no more than 10 ppm;

d) and THFDCA present in an amount ranging from zero,
or greater than zero, or at least 1 ppm, or at least 2 ppm,
or at least 5 ppm, or at least 10 ppm, or at least 20 ppm,
or at least 30 ppm, or at least 50 ppm, and in an amount
of no more than 0.5 wt. %, or less than 0.4 wt. %, or less
than 0.3 wt. %, or less than 0.1 wt. % THFDCA, or less
than 500 ppm, or not more than 100 ppm, or not more
than 50 ppm, or not more than 30 ppm, or not more than
25 ppm, or not more than 20 ppm, or not more than 15
ppm, in each case based on the weight of the solids.

In one embodiment, the pFDCA composition desirably
comprises at least 98 wt. % solids, or at least 99 wt. % solids,
or at least 99.5 wt. % solids, or at least 99.9 wt. % solids, or
at least 99.5 wt. % solids. This embodiment would represent
an isolated dried solids product.

In another embodiment, the product FDCA composition
desirably contains at least 2 wt. % liquid, or at least 4 wt. %
liquid, or at least 6 wt. % liquid, and up to 40 wt. % liquid,
or up to 30 wt. % liquid, or up to 20 wt. % liquid, or up to
15 wt. % liquid, with the remainder solids, and the solid
comprise at least 99 wt. % FDCA and FFC and THFDCA in
any of the amounts mentioned above. This embodiment
would represent a wet cake product.

A very low b* can be obtained in the purified FDCA
composition by hydrogenating the cFDCA composition. The
b* is one of the three-color attributes measured on a spec-
troscopic reflectance-based instrument. The color can be
measured by any device known in the art. A Hunter Ultra-
scan XE instrument is typically the measuring device. Posi-
tive readings signify the degree of yellow (or absorbance of
blue), while negative readings signify the degree of blue (or
absorbance of yellow). Solid samples of FDCA can be
analyzed using a Hunter Lab UltraScan Pro spectrophotom-
eter with an integrating light sphere. Per manufacturer
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recommendation the spectrophotometer should be set to the
CIELAB color scale with the D65 illuminate and 10°
observer. The spectrophotometer is standardized in total
reflectance mode.

More in particular, the b* can be measured by using a
Hunter Ultrascan XE instrument and preparing the samples
and conducting the analysis by the following method:

1) Assemble a Carver Press die and place the die on the
base and place the bottom 40 mm cylinder polished
side face-up.

2) Place a 40 mm plastic cup (Chemplex Plasticup,
39.7x6.4 mm) into the die.

3) Fill the cup with the sample to be analyzed. The exact
amount of sample added is not important.

4) Place the top 40 mm cylinder polished side face-down
on the sample.

5) Insert the plunger into the die. No “tilt” should be
exhibited in the assembled die.

6) Place the die into the Carver Press, making sure that it
is near the center of the lower platen. Close the safety
door.

7) Raise the die until the upper platen makes contact with
the plunger. Apply >20,000 lbs pressure. Then allow
the die to remain under pressure for approximately 3
minutes (exact time not critical).

8) Release the pressure and lower the lower platen hold-
ing the die.

9) Disassemble the die and remove the cup. Place the cup
into a labeled plastic bag (Nasco Whirl-Pak 4 0z).

10) Using a HunterLab Colorquest XE colorimeter, create
the following method (Hunterlab EasyQuest QC soft-
ware, version 3.6.2 or later):

Mode: RSIN-LAV (Reflectance Specular Included-
Large Area View, 8° viewing angle)

Measurements:

CIE L*a* b*

CIE XYZ

11) Standardize the instrument as prompted by the soft-
ware using the light trap accessory and the certified
white tile accessory pressed against the reflectance
port.

12) Run a green tile standard using the certified white tile
and compare the CIE X, Y, and Z values obtained
against the certified values of the tile. The values
obtained should be +0.15 units on each scale of the
stated values.

13) Analyze the sample in the bag by pressing it against
the reflectance port and obtaining the spectrum and L*,
a* b* values. Obtain duplicate readings and average
the values for the report.

The process of the invention can be operated on a com-
mercial scale. Examples of suitable rates for the production
of'a pFDCA composition include an average of at least 1,000
kg/day, or at least 10,000 kg/day, or at least 20,000 kg/day,
or at least 50,000 kg/day, or at least 75,000 kg/day, or at least
100,000 kg/day, or at least 200,000 kg/day of a pFDCA
composition on a solids basis, on a 24 hour basis over the
course of any three months.

The pFDCA composition, which can be either dried
carboxylic acid solids or wet cake, comprising FDCA can be
fed to an esterification reaction zone. The pFDCA compo-
sition can be shipped via truck, ship, or rail as solids.
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The process for making the pFDCA composition can be
integrated with the process for the manufacture of an esteri-
fication facility to make a diester or a polyester. An inte-
grated process includes co-locating the two manufacturing
facilities, one for hydrogenation, and the other for esterifi-
cation, within 10 miles, or within 5 miles, or within 2 miles,
or within 1 mile, or within %2 mile of each other. An
integrated process also includes having the two manufac-
turing facilities in solid or fluid communication with each
other. If a solid dicarboxylic acid composition is produced,
the solids can be conveyed by any suitable means, such as
air or belt, to the esterification facility. If a wet cake
dicarboxylic acid composition is produced, the wet cake can
be moved by belt or pumped as a dissolved slurry to the
facility for esterification.

The invention has been described in detail with particular
reference to preferred embodiments thereof, but will be
understood that variations and modification can be affected
within the spirit and scope of the invention.

What we claim is:

1. A furan-2,5-dicarboxylic acid (FDCA) composition
comprising FDCA dissolved in a solvent, said composition
comprising:

a) less than 5 wt. % solids;

b) dissolved FDCA in an amount of at least 5 wt. %;

¢) a solvent in an amount of at least 30 wt. %; and

d) 5-formyl furan-2-carboxylic acid (FFCA) in an amount

of at least 0.1 wt. %;
in each case based on the weight of the FDCA composition.

2. The FDCA composition of claim 1, which comprises:

a) less than 4 wt. % solids;

b) dissolved FDCA in an amount of at least 9 wt. %;

¢) a solvent in an amount of at least 40 wt. %; and

d) 5-formyl furan-2-carboxylic acid (FFCA) in an amount

of at least 0.25 wt. %;
in each case based on the weight of the FDCA composition.

3. The FDCA composition of claim 2, which comprises:

a) less than 3 wt. % solids;

b) dissolved FDCA in an amount of at least 12 wt. %;

¢) a solvent in an amount of at least 50 wt. %; and

d) 5-formyl furan-2-carboxylic acid (FFCA) in an amount

of at least 0.25 wt. %;
in each case based on the weight of the FDCA composition.

4. The FDCA composition of claim 3, which comprises:

a) less than 2 wt. % solids;

b) dissolved FDCA in an amount of at least 15 wt. %;

¢) a solvent in an amount of at least 70 wt. %; and

d) 5-formyl furan-2-carboxylic acid (FFCA) in an amount

of at least 0.25 wt. %;
in each case based on the weight of the FDCA composition.

5. The FDCA composition of claim 3, which comprises:

a) less than 0.5 wt. % solids; and

b) dissolved FDCA in an amount of at least 15 wt. %;
in each case based on the weight of the FDCA composition.

6. The composition of claim 1, wherein FDCA is dis-
solved in said solvent at a temperature not exceeding 190°
C.

7. The composition of claim 1, wherein said solvent
comprises water.

8. The composition of claim 7, wherein said solvent
comprises at least 95 wt. % water based on the weight of the
solvent.



